Echocardiographic analysis of regional left ventricular function is based upon the assessment of radial motion. Long-axis motion is an important contributor to overall function, but has been difficult to evaluate clinically until the recent development of tissue Doppler techniques. We sought to compare the standard visual assessment of radial motion with quantitative tissue Doppler measurement of peak systolic velocity, timing and strain rate (SRI) in 104 patients with known or suspected coronary artery disease undergoing dobutamine stress echocardiography (DbE). A standard DbE protocol was used with colour tissue Doppler images acquired in digital cine! -loop format. Peak systolic velocity (PSV), time to peak velocity (TPV) and SRI were assessed off-line by an independent operator. Wall motion was assessed by an experienced reader. Mean PSV, TPV and SRI values were compared with wall motion and the presence of coronary artery disease by angiography. A further analysis included assessing the extent of jeopardized myocardium by comparing average values of PSV, TPV and SRI against the previously validated angiographic score. Segments identified as having normal and abnormal radial wall motion showed significant differences in mean PSV (7.9p3.8 and 5.9p3.3 cm/s respectively ; P 0.001), TPV (84p40 and 95p48 ms respectively ; P l 0.005) and SRI (k1.45p0.5 and k1.1p0.9 s − 1 respectively ; P 0.001). The presence of a stenosed subtending coronary artery was also associated with significant differences from normally perfused segments for mean PSV (8.1p3.4 compared with 5.7p3.7 cm/s ; P 0.001), TPV (78p50 compared with 92p45 ms ; P 0.001) and SRI (k1.35p0.5 compared with k1.20p0.4 s − 1 ; P l 0.05). PSV, TPV and SRI also varied significantly according to the extent of jeopardized myocardium within a vascular territory. These results suggest that peak systolic velocity, timing of contraction and SRI reflect the underlying physiological characteristics of the regional myocardium during DbE, and may potentially allow objective analysis of wall motion.
INTRODUCTION
Stress echocardiography is a versatile tool that offers cost-effective diagnostic and prognostic information equivalent to that of radionuclide imaging in patients with suspected coronary artery disease [1] . The diagnostic cornerstone of this technique has been the qualitative evaluation of radial function. Quantification of shortaxis function has been achieved using measurements of (piston) function of the heart contributes significantly to overall cardiac function [5] . The longitudinal orientation of the subendocardial fibres and their sensitivity to ischaemia suggests that the assessment of long-axis function could be a sensitive marker of ischaemia [6, 7] . Indeed, previous studies of annular displacement during experimental ischaemia have shown significant alterations in the timing of longitudinal contraction [8] . Unfortunately, the measurement of annular displacement reflects abnormalities of the overall ventricle, or perhaps each wall, but does not offer a segmental evaluation. The use of tissue Doppler to measure peak myocardial Doppler velocity (MDV) has been shown to correlate with SPECT (single photon emission computed tomography) and visual wall motion analysis [9] ; the same modality may be used to measure time delays in contraction. However, the regional variation of velocity is an important potential limitation to the clinical application of this measurement. Additional processing of the MDV data permits the calculation of regional myocardial strain rate (SRI), i.e. the rate of deformation in response to an applied force ( Figure 1 ). Although this has been studied at rest in patients with scar from infarction [10] , this technique has not been explored to date during stress echocardiography for the identification of ischaemia. We therefore sought to explore the clinical application of these new tools for assessing long-axis function during dobutamine stress echocardiography (DbE).
METHODS

Study design
Long-axis function was evaluated in 104 patients undergoing DbE. All patients had been referred for assessment of clinically suspected or known coronary artery disease, and had also undergone coronary angiography within 3 months of study. Exclusion criteria were : previous Q- Table 1 . All subjects provided written informed consent to the study, which was approved by the local ethics committee.
DbE procedure
A standard dobutamine\atropine stress protocol [11] was performed, starting at a dobutamine infusion rate of 5 µg:min −" :kg −" body weight and increasing the dosage every 3 min to 10, 20, 30 and finally 40 µg:min −" :kg −" . If 85 % of the age-predicted maximal heart rate was not achieved and the test result was negative, 0.25 mg of atropine was given every 2 min up to a maximum of 1 mg, or until the target heart rate was achieved. Blood pressure and the 12-lead ECG were recorded at baseline and at the end of each stage. Horizontal or downsloping STsegment depression of 0.1 mV at 0.06 s after the J point was considered diagnostic for ECG evidence of myocardial ischaemia. End-points for test completion were the conclusion of the protocol, progressive and severe myocardial ischaemia, severe ventricular arrhythmias, systolic blood pressure 240 mmHg, symptomatic hypotension, a decrease in systolic blood pressure to 100 mmHg, or intolerable side effects.
Image acquisition
Patients were imaged in the left lateral decubitus position before and during the test, using a commercially available system (Vingmed system FiVe ; General ElectricVingmed, Milwaukee, WI, U.S.A. 
Analysis of two-dimensional echocardiography
Regional left ventricular function was assessed by an expert reader blinded to the patients' clinical and angiographic data, to obtain a regional wall motion score (WMS) in each segment of a standardized 16-segment model [12] . Regional myocardial performance was classified as normal, mildly hypokinetic, severely hypokinetic and akinetic or dyskinetic. Ischaemia was identified by new or worsening wall motion abnormalities with stress. Segments with severe resting hypokinesis or akinesis were identified as scar, except when regional function improved with low-dose dobutamine, in which case they were identified as viable. The correlation of vessel involvement and territory at risk was analysed using two approaches. The first of these assigned wall segments in the base and mid regions to vascular territories according to the following schema : left anterior descending artery, basal and mid anteroseptum and anterior walls, mid septum ; left circumflex artery, basal and mid lateral and posterior walls ; right coronary artery, basal and mid inferior walls and basal septum. The second approach took account of right-or left-sided dominance ; rightdominant systems followed the above pattern, while left-dominant systems had no left ventricular segments allocated to the right coronary artery.
Myocardial Doppler and SRI analysis
Digital cine! loops acquired during rest and stress were analysed using commercial software (Echopac version 6.2 ; General Electric-Vingmed) by readers who were blinded to the clinical profile, visual wall motion analysis and angiographic data of the patients. Long-axis peak systolic velocity (PSV) and time to peak velocity (TPV) within each basal and mid-zone segment were obtained by location of the sample volume in the middle of each segment at rest and at peak stress ( Figure 2 ). Apical segments were not interrogated, because previous work has shown PSV in these regions to be too low to identify ischaemia accurately [13] . Strain and SRI are dimensionless descriptions of change in length that reflect the deformation of tissue due to applied force. SRI is measured from velocity data on the basis of instantaneous difference in myocardial velocities (∆V ) between two points in the myocardium separated by distance r, which corresponds to the region that is used to estimate local contraction. Strain is obtained by integration of this spatial gradient of velocity (strain velocity, ∆V\∆r) over time, using the formula strain l [exp (SRI integral)k1]i100 %. Myocardial SRI ( Figure 3 ) was derived from tissue Doppler using custommade software. A ' sample volume ' of 15 mm (separating V1 and V2) was used with this placed in the central part of the segment undergoing analysis, without overlap to the adjacent segments. The integral, myocardial strain, peaked after systole and was not assessed in the present study because of uncertainty about which part of the waveform reflected regional systolic function.
The feasibility of both tissue Doppler and strain analysis was determined by the ability to measure a given waveform by its conformity in part to an expected shape ( Figure 4 ) -those waveforms with apparent random structure were not analysed. Primary acquisition of SRI, adjustments of sample volume locations from 8 to 15 mm and temporal smoothing of the waveforms (Matlab ; Math Workshop, Natick, MA, U.S.A.) were used to optimize the SRI waveform, as the raw waveform was not recognizable in many segments due to waveform noise. However, no technique offered an improvement in waveform, and therefore the present study concentrates on the derived form of SRI only. The inter-observer concordances of PSV, TPV and SRI were determined by Pearson correlation and Cronbach's alpha test of interobserver agreement.
Development of normal ranges of myocardial Doppler and SRI
Normal ranges of PSV, TPV and SRI were obtained in patients without significant stenoses. The lower 20th percentile velocity value for each segment within this group was identified in order to establish a normal value with 80 % specificity.
Comparison with coronary angiography
An independent angiographer performed coronary angiography using standard techniques. The severity of stenosis was measured using quantitative coronary angiography (Philips Medical Imaging, Best, The Netherlands). Dominance of the right or left circumflex circulation was defined by origin of the atrioventricular nodal artery. Significant coronary artery stenosis was identified in the presence of a 50 % decrease in lumen diameter. Mean values of PSV, TPV and SRI were compared in vascular territories according to the presence of significant coronary artery stenosis. A further analysis was carried out to address the effect of the proximity of a given stenosis. This included assessment of the extent of the myocardium at jeopardy, using a previously validated algorithm [14] that examines the percentage of tissue within a given vascular territory distal to a given stenosis and assigns a score for that territory. Mean values of PSV, TPV and SRI were compared with categories of this score.
To determine the clinical utility of the normal ranges derived from the normal coronary artery group, the sensitivity, specificity and accuracy of WMS, PSV, TPV and SRI in each patient and within each vascular territory were derived by cross-tabulation against the overall or regional results of coronary angiography. The defined normal range cut-off velocities at peak stress were applied to PSV, TPV and SRI values for each segment, and the presence of any abnormal segment within a vascular territory marked that territory as abnormal. A similar approach was used for visual wall motion scoring.
Statistical analysis
All statistical analysis was undertaken using commercial statistical software (SPSS version 9.0). Continuous data are presented as mean and S.D., while categorical data are presented as frequency. Mean values for each parameter were compared by independent Student's t-test and ANOVA. Comparisons of the accuracy of PSV, TPV, SRI and WMS against angiography on a vascular and per patient basis were carried out using McNemar's test for paired data.
RESULTS
DbE
The haemodynamic responses to dobutamine stress are summarized in Table 2 . An adequate heart rate (85 % of the age-predicted maximum) was achieved in 81 patients (78 %). The protocol was terminated at a submaximal heart rate due to symptomatic, ECG or echocardiographic evidence of severe ischaemia in five patients (5 %), hypertension or hypotension in 14 patients (13 %), arrhythmias in two patients (2 %), and intolerable side effects in 11 patients (11 %). Symptoms suggestive of myocardial ischaemia were reported in 46 patients (44 %). Abnormal resting function was present in 24 patients 
Feasibility
Of the 1248 segments available for assessment, 1110 (89 %) segments had adequate waveforms for assessment of PSV and TPV, and 898 (72 %) segments had adequate waveforms for assessment of SRI (P 0.0001).
Reproducibility
The inter-observer reproducibility of PSV was high (r l 0.83, α l 0.81) compared with that of SRI (r l 0.13, α l 0.25) and TPV (r l 0.52, α l 0.51). For discordant observations there was no systematic under\over-estimation by any one observer or at any one site.
Definition of normal ranges
Normal values for PSV, TPV and SRI derived from the normal group (patients without significant stenoses) are summarized in Table 3 . For PSV, TPV and SRI, there were variations in mean values according to the location of the myocardial segment. PSV gradients were identified between the basal and mid segments, and the paraseptal (inferoseptum, anteroseptum, inferior wall) and free wall (anterior, posterior, lateral) segments. TPV values demonstrated a gradient from free wall to paraseptal segments, while SRI gradients were noted from the basal to mid regions of the left ventricle. The base-apex gradients for PSV and SRI were statistically significant (P 0.0001). These variations precluded designation of a single cut-off for each modality. However, adjacent segments were sufficiently similar to permit the designation of a normal range within quadrants. Table 4 summarizes the myocardial velocity and strain results in segments classified as normal or abnormal on the basis of wall motion scoring. Resting parameters were not useful for discrimination of normal versus abnormal wall motion, in part because of the wide variation in values. This also led to important variations in the change and percentage change for each of these parameters, none of which were reliable correlates of the regional diagnosis. Differences were found between segments defined as normal and abnormal (based on subjective evaluation of wall motion at peak stress) for PSV (P 0.001), TPV (P l 0.005) and SRI (P 0.001). For all segments at peak stress, there were significant differences in values of PSV, TPV and SRI (P 0.001) between segments with normal wall motion, ischaemia\viability and scar ( Figure 5 ). Although the gradation was more apparent across all subgroups of abnormality (ischaemia\viability and scar) with SRI, the mean PSV values were significantly different between these subcategories. 
Segmental comparison of myocardial Doppler and strain with regional function
Comparison between myocardial Doppler and strain with extent of myocardial jeopardy
The mean values of indices at peak stress in the presence and the absence of a stenosed artery were : PSV, 8.09p3.4 and 5.74p3.7 cm\s respectively (P l 0.001) ; TPV, 78p50 and 92p45 ms respectively (P l 0.001) ; SRI, k1.35p0.5 and k1.20p0.4 s −" respectively (P l 0.21). For all three indices, no significant difference was found in the right and left circumflex territories according to whether the patient had a left-or right-dominant circulation, either with or without a stenosed subtending artery. Within all vascular territories, mean values of PSV, TPV and SRI varied significantly according to the extent of jeopardized tissue within that given vascular territory (Table 5 ). This result suggests that these indices not only may identify abnormal vascular regions, but also may help to assess the extent of abnormality -which is clinically important. The lesser increment of SRI compared with that of velocity according to an increasing Duke score may reflect the summation of velocities along Long-axis function during dobutamine echo a given long axis. PSV may thereby be abnormal in normal segments, whereas SRI is truly regional.
Comparison between myocardial Doppler and strain with coronary angiography
Using the peak stress normal range cut-offs described above, PSV, TPV and SRI identified 178, 110 and 137 vascular territories respectively as abnormal (65, 40 and 44 respectively in left anterior descending artery ; 64, 40 and 32 respectively in left circumflex artery, and 49, 30 and 61 respectively in right coronary artery). Table 6 demonstrates the sensitivity, specificity and accuracy of PSV, TPV, SRI and WMS in detecting significant coronary disease in each patient according to each vessel territory. Figure 6 demonstrates the sensitivity, specificity and accuracy of all modalities for the presence of any significant coronary artery disease on angiography according to the presence of any abnormality in any vascular territory by that modality. While the accuracy of White bar, sensitivity ; grey bar, specificity ; black bar, accuracy.
PSV was comparable with that of wall motion evaluation by an expert reader, both TPV and SRI were less accurate.
DISCUSSION
The present study shows that analysis of ventricular long-axis function using myocardial Doppler and SRI imaging is feasible during DbE. All the parameters studied -MDV, systolic timing and SRI -were correlated with the presence of coronary stenosis and radial wall motion abnormalities. PSV demonstrated accuracy in the identification of coronary artery disease consistent with that of wall motion analysis by an experienced reader ; however, the accuracy of TPV and SRI was disappointing.
Left ventricular long-axis function
The myocardial fibre orientation of the human heart is complex [4] , with variations in fibre arrangement between normal subjects, especially in the epicardial region. However, the subendocardial fibres, which are arranged longitudinally, are quite consistent from subject to subject [4] . The importance of these longitudinal fibres to left ventricular systolic function has been suspected for many years [15] . Initial echocardiographic studies to investigate the actions of these fibres demonstrated that the apex is fixed in position and that the base of the heart drives like a piston towards the apex during systole [16] .
Further study by echocardiography revealed that longitudinal fibres contribute significantly to overall left ventricular function. Dumesnil et al. [5] demonstrated that, with a 40 % decrease in the left ventricular ejection fraction in the diseased state, there may be only a 15-20 % corresponding decrease in short-axis contraction. Furthermore, patients with left ventricular dysfunction and congestive heart failure have been shown to have lower corresponding atrioventricular valve plane displacement during systole [17] . Indeed, the recovery of left ventricular systolic function after thrombolysis with acute myocardial infarction may be demonstrated within 1 week using this method [18] . The significant decrease in the longitudinal axis displacement with disruption of the subvalvular apparatus after mitral valve replacement [8] suggests that this may also be an important contributor to the overall integrity of the function of the longitudinal axis. Some attempts to quantify long-axis fibre function have included analysis of atrioventricular valve plane displacement of individual walls in the standard apical views, with demonstration of reduced long-axis displacement during acute ischaemia [19] . During stress echocardiography, however, assessment of regional function is central to the diagnosis of abnormalities within each vascular territory, and such base-apex approaches have the problem of crossing these vascular territories. Furthermore, not only the presence of abnormal myocardium, but also the diagnostic and prognostic importance of the extent of such abnormal myocardium, demands an accurate regional quantitative measure.
Quantification of regional left ventricular function
Regional quantitative techniques have been applied to the assessment of short-axis function, but depend on delineation of the endocardial border. The application of tissue Doppler to regional long-axis function has introduced a new marker of regional left ventricular function, as well as a number of parameters that are inherently quantitative and may therefore avoid the significant limitations imposed by qualitative interpretation of stress echocardiography.
The results of the present study build on a number of previous developments. The initial approaches to this application involved the use of pulsed-wave tissue Doppler to measure regional myocardial velocities from apical views [20] . In comparison with visual assessment, this approach was sensitive and specific, but the need to move the pulsed-wave sample volume around the ventricle is not feasible during stress. The use of colour Doppler permits velocities to be measured off-line, and the initial work based on colour recognition to obtain velocity data [21] has been superceded by a number of studies in which velocity was measured directly [13, 22, 23] . Measurements of PSV in these studies have shown concordance with wall motion scoring [21] , SPECT [9] and angiographic evidence of coronary disease [24] . The results of the present study indicate that whereas PSV is an accurate quantitative tool for the detection of coronary disease in patients without prior infarction, timing and strain parameters are more variable and therefore pose greater problems in the designation of a cut-off.
Strain and SRI are new measures that can be derived from Doppler velocities as a post-test analysis, or may be acquired at the time of imaging. SRI is the differential velocity of two points adjusted for the distance between them. Strain is derived from SRI, and represents a dimensionless index of change of length in response to an applied force. Both are conceptually attractive because their values may not be affected by translation of the heart, or influenced by the performance of adjacent segments -that is, they offer truly intrinsic information regarding regional myocardial performance. However, certain assumptions are made regarding their derivation, which may have influenced the results of the present study. Moreover, at present the signal is quite noisy ; we measured SRI only (rather than strain) in our study, as a clearly definable measurement point could be identified in this waveform.
Accuracy for detection of coronary artery disease
In the present study, we confined this analysis to a cut-off providing 80 % specificity, which allowed us to calculate a measure of sensitivity for MDV as well as for TPV or strain. This is probably not the optimal approach for defining the normal range, which is better analysed in patients with normal dobutamine echocardiograms and a low probability of coronary artery disease [24] . However, the normal ranges derived in our study are comparable with those from another, larger work in which normal peak MDV was defined in these control groups [24] . In both data sets, the definition of normal ranges has identified that all of these indices exhibit regional variation, and therefore that a single cut-off value is not feasible. However, the recognition of similar groupings of normal values in the present study has allowed this number to be reduced to four values for each measure. The application of these regional normal values has revealed impressive accuracy of PSV for detection of coronary artery disease. The lower accuracies of both TPV and SRI may be related to many issues (see below). The more gradual decrease in SRI values from normal, ischaemia and scar tissue suggests that this measure may have potential for differentiating between categories of myocardial abnormality.
Limitations
Generally, exercise rather than pharmacological stress is accepted as the optimal stress technique in patients who are able to exercise, as it offers reliable ST segment data and physiological data regarding exercise capacity. However, although some previous data have been obtained using tissue Doppler during exercise stress, dobutamine is a more potent stimulant of myocardial velocity than maximal exercise, and therefore results in greater differences between normal and ischaemic zones [25] .
Changes in MDV are related to the extent of jeopardized territory, although they are not linearly related to the Duke score. This is not surprising, because coronary anatomy correlates poorly with the development of ischaemia, and the allocation of ischaemic segments is difficult anatomically. Our designation of segments to each vascular territory follows the accepted approach adopted by the American Society of Echocardiography [12] . However, as 20 % of patients may have a left-dominant circulation, this approach may not be entirely representative of the myocardial vascular supply. In order for these techniques to become clinically useful, however, further research must apply the techniques prospectively without initial knowledge of angiographic data, as occurs with other non-invasive approaches in daily practice.
In our study, the SRI waveform was found to be intermittently noisy and often uninterpretable, with only 72 % of segments capable of being assessed (compared with 89 % for velocity waveforms). There are several potential explanations. First, the angle dependence of strain may be a limiting factor. Indeed, tissue Doppler itself is angle dependent, going to zero (i.e. no movement in the vector of the scan line) when movement is at 90m to the scan line. However, the measurement of SRI involves comparison of velocity vectors along the direction of the ultrasound scan lines, so that the resulting SRI will fall to zero if the velocities are at 45m. In fact, as thickening and longitudinal shortening are unequal, misalignment of the velocity vectors of only 30m will produce an SRI of zero. Secondly, strain involves a comparison of multiple potentially noisy velocity signals, resulting in a magnification of this noise, in contrast with the single value of Doppler velocity. Thirdly, the fixed placement of the SRI ' sample volume ' within the segment may not represent the same two sample points throughout the entire systolic period, and thus may reflect SRI across adjacent tissue from frame to frame.
The difficulty of quantifying apical segments using tissue Doppler has been described previously. The reason for this finding is the relatively immobile nature of the apex, and therefore this is an inherent limitation of the assessment of long-axis function. Because strain is derived from simultaneous Doppler velocities, conceptually this same problem should exist with strain analysis.
Conclusions
Both PSV and the newer indices of long-axis function -TPV and SRI imaging -reflect the underlying physiological performance of regional myocardial function during DbE. While PSV is currently more accurate in the detection of coronary artery disease, SRI is conceptually attractive because of its truly regional attributes and its independence from global motion. However, while strain may ultimately prove more accurate, in its current form it is less feasible than other techniques because of noise and angular dependence.
